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1RZDGD\VRQHRI WKHPRVWSURPLVLQJ UHQHZDEOHHQHUJ\ WHFKQRORJ\ LVEDVHGRQSKRWRYROWDLF FRQYHUVLRQRI VRODU
HQHUJ\$SSOLFDWLRQRI39V\VWHPVLQWHJUDWHGZLWKEXLOGLQJHQYHORSHDOORZVHOHFWULFLW\WREHXWLOL]HGRQVLWHIRU DQ\
IXQFWLRQDO QHHGV %XLOGLQJ LQWHJUDWHG SKRWRYROWDLF %,39 LV FRPPRQO\ XVHG LQ UHSUHVHQWDWLYH RIILFH EXLOGLQJV
XVXDOO\RFFXSLHGGXULQJWKHGD\7KHODUJHVXUIDFHDUHDRIH[WHUQDOZDOOVRUURRIVLVFRYHUHGZLWK39SDQHOV LQVWHDG
RI WUDGLWLRQDO EXLOGLQJPDWHULDOV ,QKLJKO\ JOD]HGEXLOGLQJV WUDQVSDUHQW HOHPHQWV DUHPRUH RIWHQEHLQJ HTXLSSHG
ZLWK 39 FHOOV SODFHG EHWZHHQ WZR VKHHWV RI JODVV 0RUHRYHU EUDQG QHZ WHFKQRORJLHV IRFXV FXUUHQWO\ RQ
KRPRJHQRXVWUDQVSDUHQWJODVVZLWKGLIIHUHQWWUDQVSDUHQF\
7KHPDLQ DLP RI WKH SUHVHQWHG VWXG\ZDV WR DQDO\VH WUDQVSDUHQW 39 739 LQWHJUDWHGZLWK RIILFHZLQGRZV 7KH
IROORZLQJRURIWUDQVSDUHQF\GHJUHHZHUHFRQVLGHUHGGHSHQGLQJRQWKHUHTXLUHGLOOXPLQDQFH LQVLGH
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HOHFWULFDOVRODUHQHUJ\FRQYHUVLRQWDNLQJLQWRDFFRXQWWKHVXQEHDPDQJOHDQGWHPSHUDWXUHRIWKHSDQHO
7KHPRGHORIVLQJOHRIILFH URRPZLWK739ZLQGRZSDQHZDVDQDO\VHGQXPHULFDOO\5HVXOWVREWDLQHGIRUGLIIHUHQW
739 SDQHOV ZHUH FRPSDUHG ZLWK WUDGLWLRQDO FOHDU IORDW GRXEOH JOD]LQJ 7KH IROORZLQJ WZR EXLOGLQJ HQHUJ\
SHUIRUPDQFHSDUDPHWHUVZHUHREWDLQHGIURPQXPHULFDODQDO\VLVHOHFWULFLW\SURGXFHGE\739DQGVRODUKHDW JDLQV
%DVHGRQVLPXODWLRQUHVXOWVWKHRYHUDOO\HDUO\HQHUJ\SHUIRUPDQFHZDVSUHVHQWHGDQGFRPSDUHG

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH&(1752&21*5(66,,17(51$=,21$/(65/




&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address: GDULXV]KHLP#SORG]SO

Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
 Dariusz Heim et al. /  Energy Procedia  78 ( 2015 )  430 – 434 431
Keywords: 3KRWRYROWDLF*ODVV6RODU0RGHOOLQJ)DoDGH



,QWURGXFWLRQ

'LIIHUHQWIRUPVRI39SDQHOVLQWHJUDWHGRULQEXLOW LQRSDTXHDUHDRIEXLOGLQJHQYHORSHDUHZHOONQRZQDQGDUH
RIWHQDSSOLHGWR WKHFRYHULQJV\VWHP+RZHYHU LQPDQ\FDVHVRIQRQUHVLGHQWLDOEXLOGLQJVWKHWUDQVSDUHQWVXUIDFHV
DUH PXFK ELJJHU WKDQ QRQWUDQVSDUHQW 7KHUHIRUH D QHZ SRWHQWLDO LV WR DSSO\ 39 FHOO LQWR JODVV FRPSRQHQWV
'LIIHUHQWW\SHVRI39PRQRFU\VWDOOLQHSRO\FU\VWDOOLQHDQGWKLQILOPFHOOVFDQEHLQWURGXFHGEHWZHHQWZRVKHHWVRI
JODVVZKHUHWUDQVSDUHQF\RIVXFKFRPSRQHQWLVQRQUHJXODUDQGGHSHQGVRQWKHGLVWDQFHEHWZHHQFHOOV+RZHYHU
PRUHSURPLVLQJWHFKQRORJ\LQFOXGHVKRPRJHQHRXV39JODVVRUVHPLWUDQVSDUHQWVRODUPRGXOHVEDVHGRQ DPRUSKRXV
DQGPLFURFU\VWDOOLQHVLOLFRQ
$PRUSKRXVDQGPLFURFU\VWDOOLQHVLOLFRQD6L+VHPLWUDQVSDUHQW39>@DUHH[WUHPHO\FRPSHWLWLYHSURGXFWV IRU
%,39WHFKQRORJLHV/LJKWWUDQVPLWWDQFHRIVHPLWUDQVSDUHQWVRODUPRGXOHVLQYLVLEOHUDQJHLVDERXWZLWK 
RI SRZHUFRQYHUVLRQ HIILFLHQF\ 7DNLQJ LQWR DFFRXQW WKH HIIHFW RI KHLJKWHQHG VRODU HQHUJ\ DEVRUSWLRQ ZLWK
FRQYHUVLRQ LQWR HOHFWULFLW\ WKH VHPLWUDQVSDUHQW JODVV 39 FDQ ZHOO VXEVWLWXWH WUDGLWLRQDO FRORXUHG JODVV IDoDGH
HOHPHQWV7KHPDLQDGYDQWDJHRIVHPLWUDQVSDUHQW39LVWKHSURWHFWLRQDJDLQVWRYHUKHDWLQJIRUIXOO\RUDOPRVWIXOO\
JOD]HGIDoDGHZLWKVXIILFLHQWYLHZFRQWDFWZLWKH[WHUQDOHQYLURQPHQW+RZHYHUWKHFRORXURIWUDQVPLWWHGOLJKWFDQ
EHXQDFFHSWDEOHIRUDEXLOGLQJRFFXSDQWZKLFKVHHPVWREHWKHPDLQGLVDGYDQWDJHDQGFDQOHDGWROLPLWDWLRQRI39
VXUIDFHDUHDIRUWKHWUDGLWLRQDOFOHDUJODVV
7KHPDLQSXUSRVHRIWKHSUHVHQWHGVWXG\ZDVWRDQDO\VHWKHHQHUJ\HIILFLHQF\RIVHPLWUDQVSDUHQWV\VWHP GXULQJ
WKHZKROH\HDU7KHDVVHVVPHQWZDVGRQHRQWKHEDVLVRIWKHDPRXQWRIHOHFWULFLW\SURGXFHGE\VHPLWUDQVSDUHQW39
DQGUHGXFWLRQRIRYHUKHDWLQJEHFDXVHRIKLJKHUDEVRUSWLYLW\RIH[WHUQDOJODVV39OD\HU

6SHFWUDOFKDUDFWHULVWLFVRI39FHOO

7KHEDVLFFKDUDFWHULVWLFRIDQ\WUDQVSDUHQWRUWUDQVOXFHQWFRPSRQHQWVLVGHVFULEHGE\DVSHFWUDOFKDUDFWHULVWLF RI
WUDQVPLWWDQFHDEVRUEDQFHRUUHIOHFWDQFHRIVSHFLILFPDWHULDO7KHDQDO\VLVFDQEHSHUIRUPHGH[SHULPHQWDOO\XVLQJ
VSHFWURSKRWRPHWULFWHFKQLTXHVLQDIXOOUDQJHRIVRODUVSHFWUXPIURP899,6WR,57KHVRODUVSHFWUDOLUUDGLDQFH LV
SURYLGHGLQVWDQGDUG>@)RUWKHSXUSRVHRIRXUZRUNWKHVSHFWUDOSURSHUWLHVRIVHPLWUDQVSDUHQWD6L+39 SURYLGHG
E\*0$EOD\HYHWDOZHUHFRQVLGHUHG>@6RODUVSHFWUDOWUDQVPLWWDQFHYHUVXVZDYHOHQJWKLVSUHVHQWHGLQ)LJXUH




)LJ6RODUVSHFWUDOWUDQVPLWWDQFHRIVHPLWUDQVSDUHQWD6L+39OD\HU
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,WFDQEHQRWHGWKDW39PRGXOHVWURQJO\DEVRUEHGWKHOLJKWIURPYLROHWWR\HOORZXSWRQPZKLOHLWLVPRUH
WUDQVSDUHQW IRURUDQJHDQGUHG OLJKW DERYHQP7KHPD[LPXPWUDQVPLWWDQFH LV UHFRJQL]HGIRUQHDU LQIUDUHG
KRZHYHULWLVVWLOOQRPRUHWKDQ&RPSDULQJYLVXDOWUDQVPLWWDQFHLWVKRXOGEHQRWHGWKDWVLQJOHFOHDUJODVV VKHHW
KDVDOPRVWFRQVWDQWWUDQVPLWWDQFHLQ9,6UDQJHDWWKHOHYHORI7KHSURSHUWLHVSUHVHQWHGLQ)LJXUHFOHDUO\VKRZ
WKHGLIIHUHQFHVLQOLJKWDQGKHDWWUDQVPLWWDQFHLQFRPSDULVRQZLWKWUDGLWLRQDOJODVVHOHPHQW
%DVHG RQ WKH VSHFWUDO FKDUDFWHULVWLF RI HDFK LQGLYLGXDO WUDQVSDUHQW FRPSRQHQW LW LV SRVVLEOH WR HVWLPDWH WKH
JHQHUDOFKDUDFWHULVWLFRIJODVVXQLW7KLVFKDUDFWHULVWLFGHSHQGVRQSURSHUWLHVRILQGLYLGXDOJODVVXQLWDVZHOODVRQ D
QXPEHU RI HOHPHQWV DGGLWLRQDO FRDWLQJV HWF 0RUHRYHU WKH FKDUDFWHULVWLF VWURQJO\ GHSHQGV RQ WKH DQJOH  RI
LQFLGHQFHRIVRODUUDGLDWLRQDVUHIOHFWDQFHRIWKHILUVWJODVVOD\HUGHWHUPLQHVWKHDPRXQWRIUDGLDWLRQWUDQVPLWWHG DQG
DEVRUEHG)RU WKHSXUSRVHRI IXUWKHU DQDO\VLV WULSOHJOD]HGXQLWZLWK WUDGLWLRQDO FOHDUJODVV )LJD DQGH[WHUQDO
JODVVUHSODFHGE\D6L+39OD\HUZHUHFRQVLGHUHG7KHSURSHUWLHVZHUHHVWLPDWHGWDNLQJLQWRDFFRXQWVWDQGDUGVRODU
VSHFWUDO LUUDGLDQFH >@ IRU ILYHPDLQ DQJOHV RI LQFLGHQFH7KHREWDLQHGGDWD FRXOGEHGLUHFWO\ LQFRUSRUDWHG LQWR D
GDWDEDVH RI DQ\ H[LVWLQJ HQHUJ\ VLPXODWLRQ VRIWZDUH OLNH (QHUJ\3OXV RU (63U IRU WKH SXUSRVH RI QXPHULFDO
VLPXODWLRQ

D E 
)LJ2SWLFDOSURSHUWLHVRIWULSOHJOD]LQJXQLWVPDGHIURPDWKUHHOD\HUVRIFOHDUJODVVVKHHWVEWZROD\HUVRIFOHDUJODVVVKHHWVDQGRQH39
VHPLWUDQVSDUHQWOD\HUIURPRXWVLGH

7KHIROORZLQJV\PEROVGHVFULEHWKHRSWLFDOFKDUDFWHULVWLFV
WWRWDOVRODUGLUHFWWUDQVPLWWDQFH
UWRWDOVRODUUHIOHFWDQFH
DVRODUDEVRUSWLRQRIH[WHUQDOJOD]LQJDHJPHGLXPJOD]LQJDPJDQGLQWHUQDOJOD]LQJDLJ
&RPSDULQJJUDSKVLQ)LJXUHLWFDQEHQRWHGWKDWWRWDOVRODUWUDQVPLWWDQFHIRUWULSOHJOD]LQJZLWKWUDQVSDUHQW39
LVIRXU WLPHV ORZHUWKDQIRUFOHDU WULSOHJOD]LQJ7KHHIIHFW LVREWDLQHGDVDUHVXOWRIKLJKHUDEVRUSWLRQRIH[WHUQDO
OD\HUZKLFKJURZVDERYH7KHUHIOHFWDQFHLVVLPLODUIRUERWKFDVHVDQGLVDUHVXOWRIH[WHUQDOVXUIDFHSURSHUWLHVRI
JODVV

&DVHVWXG\

7KHHIILFLHQF\RI39VHPLWUDQVSDUHQWPRGXOHLQWHJUDWHGZLWKWULSOHJOD]HGXQLWZDVHVWLPDWHGIRUDVLQJOH RIILFH
URRPXQGHUWKHZKROH\HDUFKDQJHDEOHFOLPDWHFRQGLWLRQV7KHDVVXPHGVL]HRIWKHURRPZDVPKLJKP ZLGH
DQGPGHHS7KHDQDO\VHGVTXDUHZLQGRZZDVPE\PSODFHGFHQWUDOO\LQWKHIDoDGH)RXUPDLQEXLOGLQJ
RULHQWDWLRQV1(6:ZHUHFRQVLGHUHGDQGFRPSDUHG
7KHZKROH DQDO\VLVZDVGRQHXVLQJ(63U VLPXODWLRQ VRIWZDUH >@7KHSRZHU RXWSXWRI WKH39PRGXOHVZDV
FDOFXODWHG XVLQJ :$768139 PRGHO ZKLFK DVVXPHV WKDW VKRUW FLUFXLW FXUUHQW DQG RSHQFLUFXLW YROWDJH DUH
WHPSHUDWXUH GHSHQGHQW >@ 7KH 39 SDUDPHWHUV ZHUH DVVXPHG DV IRU W\SLFDO WKLQ ILOP &,6 SDQHOV ZLWK RSWLFDO
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SURSHUWLHVDVSUHVHQWHGLQ)LJXUHE6LPXODWLRQVZHUHFDUULHGRXWIRUDW\SLFDOPHWHRURORJLFDO\HDUDQGGHYHORSHG
IRU D VSHFLILF ORFDWLRQ RI WKH FLW\ RI /RG]q¶1 DQG q¶( 3RODQG &HQWUDO (XURSH 7KH ORFDWLRQ LV
FKDUDFWHULVHGE\ DPRGHUDWH FOLPDWH FRQGLWLRQZLWK GLIIXVH VRODU UDGLDWLRQGRPLQDQWVGXULQJ WKHZKROH \HDU7KH
ZHDWKHUILOHRI7\SLFDO0HWHRURORJLFDO<HDU70<XVHGLQDVLPXODWLRQZDVGHYHORSHGRQWKHEDVLVRIUHDOZHDWKHU
GDWD UHFRUGHG RQPHWHRURORJLFDO ZHDWKHU VWDWLRQ VLQFH  WR  7KLV 70< ILOH LV RIILFLDOO\ DSSURYHG DV D
ZHDWKHUILOHIRUEXLOGLQJSHUIRUPDQFHVLPXODWLRQ7KHDQDO\VLVZDVFRQGXFWHGIRU WKHZKROHFDOHQGDU\HDUZLWKD
RQHKRXUWLPHVWHS

5HVXOWVRIQXPHULFDODQDO\VLV

7KH PDLQ HIIHFW RI DSSOLFDWLRQ RI 39 VHPLWUDQVSDUHQW ZLQGRZ LV WKH GHFUHDVH LQ VRODU HQHUJ\ HQWHULQJ IURP
RXWVLGH E\ ORZHU VRODU WUDQVPLWWDQFH LQ FRPSDULVRQ ZLWK WUDGLWLRQDO FOHDU JODVV 7KH HIIHFW RI VRODU KHDW JDLQV
UHGXFWLRQ E\ 39 VHPLWUDQVSDUHQW ZLQGRZ LV VXEVWDQWLDO DQG GLUHFWO\ SURSRUWLRQDO WR ORZHU YDOXH RI VRODU
WUDQVPLWWDQFH 7KH VRODU HQHUJ\ WUDQVIHUUHG WKURXJK WKH ZLQGRZV LV y WLPHV ORZHU WKDQ IRU WUDGLWLRQDO JODVV
UHJDUGOHVVRI WKH SHULRG RI WKH \HDU ,QPRGHUQ LQWHQVLYHO\ JOD]HG RIILFH EXLOGLQJV WKLV HIIHFW FDQKDYH D VWURQJ
LPSDFWRQFRROLQJQHHGVLQVXPPHUDQGLQWHUPHGLDWHSHULRG2QHRIGLVDGYDQWDJHVRIVXFKDVROXWLRQLVDFRQVWDQW
YDOXHRIWUDQVPLWWDQFHGXULQJWKHZKROH\HDU,WPHDQVWKDWDOVRGXULQJZLQWHUZKHQVRODUUDGLDWLRQLVUHTXLUHG QRW
RQO\EHFDXVHRIKHDWJDLQVEXWDOVRWRSURYLGHWKHSURSHUGD\OLJKWFRQGLWLRQVWKHKLJKHVWWUDQVPLVVLRQLVUHTXLUHG
7KHFRORXUDQGTXDOLW\RIOLJKWFDQDOVREHDQLPSRUWDQWIDFWRUWKDWFDQGHWHUPLQHWKHGHFLVLRQRIDSSOLFDWLRQRI WKH
V\VWHP,QPDQ\FDVHVVXFK39ZLQGRZFRXOGEHDSSOLHGRQO\DVDQDGGLWLRQDOWUDQVSDUHQWVXUIDFHHJLQERWWRPRU
XSSHUSDUWRIIDoDGHZDOOWRJHWKHUZLWKFHQWUDOO\SODFHGWUDGLWLRQDOZLQGRZV







)LJ6RODUHQHUJ\HQWHULQJIURPRXWVLGHWKURXJKWZRW\SHVRIZLQGRZVRULHQWHGDQRUWKEHDVWFVRXWKGZHVW

6XEVWLWXWLRQ RI WUDGLWLRQDO JOD]LQJ HOHPHQW E\ VHPLWUDQVSDUHQW 39 LQ WULSOH JOD]HG ZLQGRZ OHDGV QRW RQO\ WR
UHGXFWLRQLQVRODUKHDWJDLQVEXWDOVRDOORZVWKHSURGXFWLRQRIVRPHDPRXQWRIHOHFWULFLW\7KHSUHVHQWHGFDVHLVD
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VPDOO VFDOH PRGHO WKHUHIRUH WKH REWDLQHG UHVXOWV SUHVHQWHG LQ 7DEOH  KDYH QRW D VLJQLILFDQW HIIHFW RQ HQHUJ\
FRQVXPSWLRQKRZHYHU LQDVFDOHRIKXJHRIILFHEXLOGLQJDGGLWLRQDODPRXQWRIHQHUJ\FDQEHQRWLFHDEOH5HVXOWV
SUHVHQWHGLQ7DEOHFOHDUO\VKRZWKDWWKHSLFNRIHQHUJ\SURGXFHGE\39FHOOLVLQ0D\7KUHHZLQGRZ RULHQWDWLRQV
DUHSUHIHUUHGHDVWVRXWKDQGZHVWZKLOHIRUHDVWDQGVRXWKWKHHQHUJ\FRQVXPSWLRQDPRXQWVWR RYHU
:KZLQGRZ ,Q -XQH DQG -XO\ WKH HDVWRULHQWHG 39ZLQGRZ WXUQHG WR EH WKHPRVW HIIHFWLYHZKLOH LQZLQWHU
PRQWKVWKHKLJKHVWYDOXHVZHUHREWDLQHGIRUWKHVRXWKRULHQWDWLRQ


7DEOH(OHFWULFLW\SURGXFHGE\PVHPLWUDQVSDUHQW39SDQHO>:KPRQWK@

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7KH SUREOHP GHVFULEHG LQ WKLV SDSHU LV UHODWLYHO\ QHZ DQG VWLOO UHTXLUHV D ORW RI QXPHULFDO DQG H[SHULPHQWDO
DQDO\VLV $XWKRUV GHWHUPLQHG WKH RSWLFDO SURSHUWLHV RI WULSOH JOD]HG ZLQGRZV ZLWK H[WHUQDO OD\HU PDGH IURP
VHPLWUDQVSDUHQW 39 PDWHULDO 7KLV DOORZV D VLPSOH PRGHO RI VLQJOH RIILFH URRP WR EH EXLOW DQG D QXPEHU RI
QXPHULFDO DQDO\VHV RI KHDW WUDQVIHU DQG VRODU HQHUJ\ FRQYHUVLRQ LQWR HOHFWULFLW\ WR EH FRQGXFWHG7KHPRGHOZDV
GHYHORSHGXVLQJ D IXOO\ G\QDPLFPHWKRGDYDLODEOH IURP WKH VLPXODWLRQ VRIWZDUH(63U7KHREWDLQHG UHVXOWV VWLOO
UHTXLUHWREHYHULILHGH[SHULPHQWDOO\
7KHSURSRVHGVROXWLRQVVHHPWREHSURPLVLQJEHFDXVHRIWKHSURWHFWLRQDJDLQVWRYHUKHDWLQJDQGDQ XQFKDQJHDEOH
RSSRUWXQLW\ IRU D YLVXDO FRQWDFW ZLWK H[WHUQDO HQYLURQPHQW WKH\ SURYLGH +RZHYHU WKH DPRXQW RI HOHFWULFLW\
SURGXFHGE\39JOD]LQJLVLQVXIILFLHQW$GGLWLRQDOO\WKHHIIHFWRIOLJKWFRORXUDQGRWKHUYLVXDODVSHFWVFDQPDNHWKLV
VROXWLRQ EHFRPH XQDFFHSWDEOH IRU D JHQHUDO RIILFH ZRUNHU 'D\OLJKW DQDO\VLV DQG PHDVXUHPHQW VKRXOG EH DOVR
FRQVLGHUHGLQWKHIXWXUHVWXG\
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
³Promoting Sustainable Approaches Towards Energy Efficiency in Buildings as Tools Towards Climate Protection 
in German and Polish Cities: developing facade technology for zero-emission buildings´DFURQ\P*3((

5HIHUHQFHV

>@76RJDHG1DQRVWUXFWXUHG0DWHULDOVIRU6RODU(QHUJ\&RQYHUVLRQ(OVHYLHU
>@&,(1R6RODUVSHFWUDOLUUDGLDQFHWHFKQLFDOUHSRUW
>@*0$EOD\HY$,.RVDUHY$9.XNLQ0<6HPHUXNKLQ0=6KYDUWV(,7HUXNRY'9=KLOLQD6HPLWUDQVSDUHQWVRODUPRGXOHV
EDVHGRQDPRUSKRXVDQGPLFURFU\VWDOOLQHVLOLFRQ-RXUQDORI3K\VLFV&RQIHUHQFH6HULHVGRL
>@$6706WDQGDUG*6WDQGDUG7DEOHVIRU5HIHUHQFHV6RODU6SHFWUDO,UUDGLDQFHDW$LU0DVV'LUHFW1RUPDODQG+HPLVSKHULFDOIRU D
7LOWHG6XUIDFH
>@&ODUNH$-(QHUJ\6LPXODWLRQLQ%XLOGLQJ'HVLJQQGHG%XWWHUZRUWK+HLQHPDQQ2[IRUG
>@0RWWLOOR0 %HDXVROHLO0RUULVRQ , &RXWXUH / 3RLVVDQW< $ FRPSDULVRQ DQG YDOLGDWLRQ RI WZR SKRWRYROWDLFPRGHOV &DQDGLDQ 6RODU
%XLOGLQJV&RQIHUHQFH0RQWUHDO
